There are varying electrical potentials throughout the structures of vascular plants and their surrounding environments resulting from the transport of charged ions. Nanotechnology allows one to tap into these potentials to create a sustainable power supply which is useable by electronic circuits. We characterized the performance of bigleaf maple (Acer macrophyllum) trees as a power supply and found voltages on the order of hundreds of millivolts. Nanotechnology has enabled the creation of ultralow voltage and ultralow power circuits that can use living trees directly as a power source. We designed and fabricated two low-power integrated circuits (ICs) for remote sensing networks and successfully powered them solely from Acer macrophyllum. The first circuit, built in a 130 nm CMOS process, is a boost converter generating a stable 1.1 V output. It consumes only 10 nanowatts when duty-cycled and it can operate on voltages as low as 20 mV. The second circuit, built in a 90 nm CMOS process, is a 0.045 Hz oscillator consuming only 2.5 nW during constant operation. These two circuits can provide useable voltage, timing signals, and "wake-up" functionality to remote sensor nodes in environmental monitoring.
Introduction
Advances in nanoelectronics have resulted in a dramatic trend toward circuits of not only diminishing size, but also diminishing power consumption. As we gain the capability to make devices with ever-smaller power requirements, we can turn to sources of electrical energy in the natural world to find new ways of powering them. By tapping into naturally occurring power sources, circuits can be deployed for long periods of time and operate from continuous, maintenance-free power supplies.
Long-term field experiments, ecological and climatic monitoring systems and other types of remote sensing networks require power sources for any deployed electronics. The power is usually supplied by batteries, which typically need frequent replacement or recharging. This leads to two problems: interruptions in the electronic functionality and the difficulty of manually delivering new batteries or energy to remote sites. The need to replace and recharge batteries can limit the effectiveness and range of applications for remote sensors by adding cost and difficulty to their operation. A convenient alternative is to find a sustainable power supply in the environment, which can be used to keep the electronics operational without the need for human intervention.
Sustained potential differences on the order of hundreds of mV have been observed in the tissues of living plants [1] . We have investigated these bioelectric properties and demonstrated their use as power supplies for electronic circuits. Our research began with the characterization of one species of tree, Acer macrophyllum, from the perspective of a power supply, including the assessment of available voltage, current output, internal resistance, and capability to provide current to a load for a sustained period of time. We then developed two nanoelectronic circuits capable of working within the constraints of the power supply and successfully operated them using a living tree as the sole power source. Some of the circuit operation performances were briefly reported in a research letter [2] . We connected a 100 kΩ load resistor between electrodes in the trunk of a tree and in the soil near the roots, and we measured sustained voltages between 50 and 250 mV across the resistor for a duration of one week. We then successfully powered and operated both the boost converter and the oscillator using a tree as the sole power source.
Voltage gradients in plants
Vascular plants are complex organisms that undergo a multitude of chemical processes involving fluctuating chemical potentials. The processes of photosynthesis, chemical diffusion, bulk fluid flow, and water and nutrient uptake in the roots all contribute to the many concentration gradients within plants and their surroundings. In turn, these chemical gradients produce a variety of electrical phenomena, resulting in both transient and steady-state voltages throughout the plant tissue.
Transmembrane potentials
The voltage between the interior and exterior of each cell is maintained by the transport of charged ions across the cell membrane [2] . If positively charged ions flow out of a cell, its electrical potential decreases with respect to its surroundings. Plants use this process to maintain an inside-negative transmembrane potential, which is typically around 60 mV. [4, 5] 
Electrical signalling
In addition to maintaining steady-state voltages across cell membranes, higher plants have also been found to use transient electrical pulses for signalling, similar to those of animal nervous systems [6] . Due to the short durations of these pulses as well as the low voltages of ordinary transmembrane potentials, however, neither of these phenomena has been shown to provide enough power to operate conventional electronic circuits.
Transroot potentials
Charged ion concentration gradients affect voltages not only throughout the structure of vascular plants but also between the vascular tissue and the surrounding environment. The transmembrane potentials of stelar cells are affected by charged ion activities, notably those of H + , K + , and Ca 2+ [7] . A negative potential in the xylem conduit relative to the soil near the roots has been attributed to a pH difference, as predicted by the Nernst equation [1] .
A relationship between K + activity and electrical potential in xylem sap has been observed, with a tenfold increase in K + activity correlated with a 50 mV increase in the transroot potential [8] . A similar transmembrane potential as the result of glucose/H + symporters has been observed in phloem sieve elements, where the transport of glucose molecules is accompanied by the movement of H + ions in the opposite direction [9] . These observations establish the existence of voltages of varying magnitude, polarity, and duration in the plant structure. We systematically studied the voltages present in Acer macrophyllum to determine the metrics for building custom nanoelectronic circuits that can operate solely by a connexion to the plant.
Materials and methods
The primary measuring device used in our characterization experiments was a National Instruments NI-4065 USB digital multimeter (DMM). The DMM had a resolution of 1 μV and an input resistance of > 10 GΩ. Measurements were taken at a 6 Hz sampling rate. The voltage readings were converted to digital representations inside the DMM and sent via USB to the control laptop, an Asus EEE PC 900 operating on battery power.
The method for measuring voltages and currents inside a tree's vascular tissue was to insert conductive electrodes into the desired measurement points, and then to clip the DMM probes to the electrodes.
The connexions to the tree trunks or soil were made through steel nails (length: 3.8 cm, diameter: 1.3 mm). We used the same metal for all the electrodes to avoid electrochemical voltage differences generated due to differences in the metal contact voltages. The specimen was Acer macrophyllum for all measurements reported here. Representative trees used in our experiments are shown in Figure 1 .
Prior to testing the potential differences on trees, we characterized the measurement setup system noise both indoors and outdoors and ran control experiments to ensure radio frequency pickup did not introduce large errors in our measurements. Open circuit tests, especially outdoors, showed significant voltage offset near 500 μV (Figure 2A ). This induced noise voltage can be significantly reduced by lowering the input impedance of the recording setup, which was accomplished by introducing a 100 kΩ resistor in parallel with the measurement probes. The effect of this addition is shown in Figure 2B . The noise level in all our measurements was under 10 μV. As a control, we used a pinewood plank which we fixed parallel to the trunk of the tree under investigation. The steel nails were inserted to a depth of 2.8 cm and used as a pair of electrodes for differential voltage readings. The heights of the positive and negative electrodes above ground were denoted X and Y, respectively. The voltage measured in all our control experiments was below 10 μV, ensuring that the voltages reported here were not results of systematic error, random noise, or induced noise.
For preliminary tests, we tried various electrode positions and load impedances on local trees in different environments. We used relatively short measurement intervals, and all of the specimens were Acer macrophyllum. To better understand the electrical properties of a tree functioning as a power supply, the effects of changing tree species, age, location, temperature, humidity, load impedance, electrode position and timing on voltage levels must all be investigated further. 
Results
Our test series followed a practical approach of finding the setup providing the largest possible sustained voltage level. Treating a pair of nails in contact with vascular tissue as a power source, we measured the voltage using one of two electrode configurations: either both electrodes were inserted in the trunk, or one electrode was placed in the soil with the other in the trunk.
Electrode spacing
One possible factor affecting the tree's source voltage is the location of the electrodes. We conducted experiments to observe how varying the vertical spacing between nails and their distance from the ground changed the output voltage. We tapped two nails side-by-side into the trunk of an Acer macrophyllum at the soil line to represent a vertical spacing of 0 cm. We then tapped nails every 10 cm up the trunk, up to 100 cm from the soil. There were two separate test series in which the positive probe was connected at various heights and the negative probe was fixed at either a nail in the soil (placed 30 cm horizontally away from the trunk of the tree) or the lowest nail in the tree. Results are shown in Figure 3 .
The ground-referenced measurements consistently indicated the tree was at a lower potential than the surrounding soil, while measurements with both electrodes in the trunk revealed lower magnitudes and different polarities. Note that we measured a finite (~ 6 mV) potential difference between two nails inserted in the trunk at the same height. This point is further explored below.
A simple ascending or descending electric potential trend could not be established as a function of measurement point spacing or height. We further investigated the dependence of the observed voltage on the measurement geometry by measuring the angular dependence of observed voltage at a fixed height difference (X -Y = 30 cm). In this setup, 20 pairs of nails were inserted around the trunk of an Acer macrophyllum with a 30 cm displacement between the lower and the upper nails and an 18° separation between pairs ( Figure 4A ). between measurement points located on the tree trunk and soil with X ranging from 0 cm to 100 cm as depicted on the x-axis, and (B) shows V AX -AY across varying distances between points in the tree (all referenced with respect to the bottom-most nail inserted at the soil level). Here, Y is kept at 0 cm and X is varied from 0 cm to 100 cm (x-axis). To measure the first point, two nails were inserted at the ground level next to each other. Observed voltages ranged from -33 mV to +32 mV, and we found no simple correlations between the angular position and voltage magnitudes or polarities ( Figure 4B ). These data suggest that a measurement with higher spatial resolution and larger scope is required to correlate the locations of vascular tissue and how the complexities of xylem and phloem networks affect electric potentials at different locations. 
Source resistance
The internal resistance of a tree-based power supply is an important performance metric as it limits the useful power available to the electronics. To quantify the available power of the treebased power supply, we characterized the voltage output of a tree for varying load resistances.
The measurement results are shown in Figure 5 . 
Tree networks
To investigate ways of producing larger useable voltage levels, we made several attempts to combine nail-pair power sources in series and in parallel. Sources from the same tree as well as up to five separate trees of the same species were connected and tested by running wires between nails. The DMM probes were connected across the first tree in the series, and then across one additional tree for each subsequent test run. Each tree source showed the same polarity when measured individually. The resulting voltages did not add in series and currents did not add in parallel, supporting the hypothesis that a simple uncorrelated voltage source model (consisting of ideal sources and resistors) is insufficient to describe the system. With a reference electrode placed in the soil and a test electrode in the trunk of a tree, we were able to detect voltages and currents approximately one order of magnitude greater than when measuring across two points in the tree. With this setup we measured potential differences as large as 550 mV with short circuit currents reaching 25 μA.
Sustained current draw
In representative measurements performed over the course of one week, we recorded the ambient temperature and relative humidity with an Amprobe TH-2A digital hygrometer to determine their relation to signal magnitudes. The electrode spacing for this test was 30 cm. Table 1 shows a collection of such data. We were not able to establish a correlation between the measured voltage and the temperature and humidity levels during tests.
The results of these experiments provided insight into the performance characteristics of tree-based power supplies. Having found the limitations of Acer macrophyllum as a power supply, we were faced with the challenge of designing and operating circuits within the extremely small voltage and powers available. This was only possible with the use of nanotechnology, as it enabled us to create integrated circuits (ICs) with extremely low levels of power dissipation. To turn a tree into a platform for a remote sensing node, two types of circuit block are needed:
• A boost converter for generating a stable supply voltage of at least 1 V to operate standard sensing circuitry;
• An oscillator for providing a clock signal to trigger data collection and transmission.
We designed and fabricated these two circuits in 130 nm and 90 nm CMOS processes and tested them using Acer macrophyllum as a power source.
The boost converter
Our boost converter IC is able to generate a voltage level usable by many low-power CMOS circuits using only a tree for a power source. We operated this boost converter in short bursts, yielding a stable 1.1 V output from input voltages as low as 20 mV [10] .
The boost converter chip ( Figure 6 ) was fabricated in an IBM 130 nm CMOS process. The low frequency oscillator chip was fabricated in an ST Microelectronics 90 nm CMOS process. The integrated circuit measurements were performed with a 10-bit DataQ DI-148U data acquisition card. Data was logged with a Lenovo X300 laptop computer. Measurements were made at a sample rate of 1k samples per second.
Prior to outdoor tests with trees, we fully characterized the performance of the boost converter with known loads and laboratory voltage supplies. The efficiency of the chip is both a function of the input voltage level and the delivered power. It is noteworthy that that chip could operate with input voltages as small as 20 mV; however, the efficiency showed a significant drop in this region of operation ( Figure 7) . 
The low frequency oscillator
Although we have verified that Acer macrophyllum can provide a relatively stable output voltage, significant challenges remain in powering complex electronics. In order to operate standard integrated circuits, the small voltages must be boosted to larger values. The actual electrical power available for operating the electronics is less than 200 nW, which is extremely low for even modern microelectronics. As a reference point, the amount of power required to operate a modern laptop central processing unit (CPU) chip is at least 7 orders of magnitude higher than this. Thus, to realize sophisticated tree-powered sensing and wireless communications, one needs to operate the systems at low duty cycles (< 1%) avoiding steady large power consumption and allowing for cyclic energy storage. Such an approach requires a clock with exceedingly low power consumption that can "wake-up" the system at the end of each energy storage phase for a short time to perform a task.
To create a low-frequency oscillator, we needed to fabricate very large resistors and capacitors on-chip. To create a high-valued resistor with a small footprint, we used the very small tunnelling current flowing through the floating gate of a thin (16 Å) oxide MOSFET [11, 12] . Transistor gate leakage caused by direct tunnelling is exponentially related to the oxide thickness. For example, decreasing the oxide thickness from 20 Å to 15 Å can increase the leakage current density by over two orders of magnitude [13] . Most 90 nm and below IC process models incorporate reasonably accurate gate leakage that allows direct simulation of gate leakage oscillators. However, gate leakage process variation is severe, introducing significant uncertainty of absolute oscillation frequency. Figure 8 shows our oscillator architecture. An amplifier with a gain of approximately 30 dB performs a comparison between the floating gate node and a reference voltage. The amplifier provides the current necessary to charge/discharge the floating gate node through an effective low-pass filter with a slow time constant τ. Unlike digital Schmitt triggers, which consume a large amount of switching power, the analogue amplifier approach only consumes a few hundred picoamps of static current. Figure 9 shows the oscillator schematic. All transistors in the amplifier operate in the weak inversion region. A floating gate comprising transistor MP3 and a capacitor synthesizes the low frequency time constant. This node is constructed exclusively from polysilicon gate material insulated by dielectric to suppress leakage. A level shifter is used to generate the high/low reference voltages. MN2 and MP2 are long channel devices in the cutoff region that, through their leakage, provide a small current to tune VH/VL.
Transistor MP3 is a nearly minimum area (0.2 μm/0.2 μm) thin (16 Å) oxide PMOS transistor whose gate leakage is used to synthesize an extremely large resistor (>100 GΩ). Charge is tunnelled through the thin oxide of MP3 onto the floating gate node. Unlike a traditional relaxation oscillator using a linear physical resistor, the impedance of the transistor gate is not constant with potential due to the nonlinearity of the tunnelling process. In addition, tunnelling to and from the floating gate is asymmetric, so τ becomes a function of (V n -V out ). The tunnelling current scales linearly with the dielectric area. Thus, transistor MP3 can be scaled accordingly to increase the oscillation frequency. Likewise, the thick oxide MOSCAP can be scaled to modify the oscillation frequency. Thick oxide gates are used for all other transistors tied to the floating gate node, including the input transistors of the amplifier and the 1 pF MOSCAP. The measured output of the circuit is shown in Figure 8 . The oscillator was powered by an Acer macrophyllum, operating with an oscillation period of 0.045 Hz. The measured power consumption of the oscillator was 2.5 nW. 
Conclusions
The fact that we observed no indication of steadily decreasing voltage levels over the measurement interval is consistent with previous accounts of daily and seasonal variations in transroot potential (TRP), and it verifies that a tree can readily supply electrical power to operate a circuit over a long time interval.
The results of our load-line analysis indicate that, unlike typical batteries, the tree power source exhibits a high apparent internal resistance; hence, any circuit powered by the tree must have comparably high input impedances and low levels of power dissipation.
Further attempts to characterize the nature of the tree power source pointed to the complexity of the voltages observed in the plants. Further experimentation allowing higher spacial resolution is needed to arrive at a more complete understanding of these potentials. Nevertheless, we have established that these voltages can be reproducibly detected and can be used to drive resistive loads over extended periods of time.
The demonstration of a low voltage boost converter and low frequency nanowatt timer solely powered by connexions to a tree represents a first step in the development of circuits that can be deployed in remote locations and powered from trees. In the future, more complex circuits such as those used by distributed remote sensing networks can make use of these two circuit blocks for power and timing. The use of MOSFET gate leakage currents to create very large resistors represents one way in which nanotechnology enables us to build electronics that can operate in unconventional environments. As more innovations in low-power electronics emerge, we can use sources of electrical energy in nature that were once thought to be unsuitable for use as power supplies. Perhaps a major impact of nanotechnology in the future will involve the construction of nanopower systems rather than merely shrinking the size of existing devices. 
